were measured in fish culture and hydroponic culture once a week at two times, morning (9:00 a.m.) and afternoon (3:00 p.m.). The fish biomass production was not different in any treatment (p > 0.05) and the total plant yield was greater (p < 0.05) in PAK than in COR. For the hydroponic culture in the a.m., the PO4 in PAK than in COR. The PAK treatment demonstrated higher food production and water treatment efficiency than the other two treatments.
Introduction
Many aquaculture systems generate high amounts of wastewater containing compounds, such as suspended solids, total nitrogen, and total phosphorus [1] . Thus, it is important to establish sustainable aquaculture systems that maximize benefits and minimize the accumulation of detrimental compounds and other types of negative impacts on both natural and social environments [2, 3] . The concept of sustainability has prompted the need to propose major adjustments in conventional food production systems to make them more viable and compatible with environmental, social and economic needs [4] .
One option for sustainable aquaculture is the use of an integrated system. In integrated systems a secondary crop is grown utilizing by-products from the production of a primary crop [5] . If this definition is taken, aquaponics is an example of an integrated system, since in these systems the plants utilize fish wastewater as a source of nutrients, minimizing the negative environmental impact caused by discharge of fish culture water. Thus, aquaponics may be considered as a sustainable aquaculture system.
In aquaponics, two cultures, the fish and the plants, share resources. The choice of a hydroponic growing system within an aquaponics context is based on the independent advantages, the hydroponic component confers on the system [6] . One such hydroponic system is the floating raft system [6] [7] [8] [9] . In this system the plants are placed in a floating sheet (generally of styrofoam). The sheet is then placed over a nutrient solution and the roots of the plants are totally submerged in the nutrient solution. In aquaponics the nutrient solution is composed of fish effluent.
In raft floating systems root aeration can be active. This can be achieved by bubbling air into the nutrient solution through an air stone or by circulating the solution [10] . Oxygenation may also be passive. In this case an air space is left between the sheet that supports the plants and the nutrient solution. The main function of the roots occupying the air space above the solution is aeration and has been described as oxygen roots or hair roots [11, 12] , this hydroponic system has been called Dynamic Root Floating (DRF).
The DRF technique was developed to stabilize the leafy vegetable productivity during the monsoon summer in Taiwan [12] . This technique is successful in [13] the production of leafy vegetables, such as lettuce, celery, and Brassica spp. throughout the year. The use of the DRF in aquaponics has also been briefly described [14] for lettuce culture in Hawaii. The use of DRF may minimize the investment cost of an aquaponic system as it allows elimination of active aeration in the hydroponic beds.
The use of the DRF technique for pak choy (Brassica chinensis) culture has been reported [12, 15] . To our knowledge, the culture of coriander (Coriandrum sativum) has not been reported using the DRF technique, in hydroponics or in aquaponics. However, there are reports of coriander culture in hydroponic systems using direct aeration [16] and in a Nutrient Film Technique system [17] . The aim of this study is the comparison of two aquaponic systems using the DRF technique on pak choy and coriander, with tilapia production and effluent water treatment as a sustainable food production option.
Experimental Section
The experiment was carried at the Aquaculture Research Station CINVESTAV-Mérida, during 34 days, from 3 July 2014 to 6 August 2014. Two aquaponic treatments were tested; one using pak choy as the hydroponic culture plant (PAK) and another using coriander (COR). A recirculation aquaculture system (RAS) in which plants were not used, only fish, was used as a control. In the aquaponic hydroponic culture we used the DRF technique as a substitute for active aeration with diffusers.
Experimental System and Operation
The aquaponic systems used three circular fiberglass tanks for fish culture (F), a sedimentation tank (S), a reserve tank that fed the water pump (R1), an elevated tank (E) for water distribution by gravity, and four trapezoidal fiberglass hydroponic tanks (A). The RAS system had the same components as the aquaponics systems except for the hydroponic tanks ( Figure 1 ). The water flux through the fish tanks for the three treatments was continuous with a 13 L/min flow in the fish culture tanks and 6 L/min flow for the hydroponic tanks of PAK and COR. Each (F) tank had 0.75 m 3 , water from these aquaculture tanks flowing through a 75 mm tube to the rectangular 1.6 m 3 sedimentation tank (S). Water from the S tank flowed to a 1 m 3 reserve tank (R1) and was then sent to the 0.4 m 3 elevated tank (E) using a 1/2 hp water pump. Water from E then flowed through 38 mm tubes to the trapezoidal hydroponic culture tanks except for the RAS treatment for which the water was recycled directly to the fish tanks. Each hydroponic tank was filled at a capacity of 0.36 m 3 . The effluent from the hydroponic tanks was passed through 50 mm tubes to the reserve tank (R1). Polystyrene seed trays for COR and sheets for PAK were placed on top of each hydroponic tank and the plants were introduced there. The hydroponic tanks were located in a shade net house, with a base of 5 × 12 m and a height of 3.5 m. The lateral walls were protected with an anti-aphid net and the roof was made of shade net with 30% sunlight reduction with a UV light stabilizer and antioxidants as a UV photo protection system.
Experimental Conditions
The coriander plants were transplanted into the aquaponic system fifteen days after being sown in polystyrene seed trays with vermiculite as substrate. Pak choy plants were transplanted seventeen days after being sown in trays with the same characteristics to those used for coriander. When the plants were transplanted, the trial began.
The plant density for treatment COR was 500 plants/m In treatment COR the polystyrene seed trays containing the plants were placed directly into the water. In treatment PAK a 25 mm thick sheet of expanded polystyrene with perforations of 25 mm in diameter was placed on top of each hydroponic tank and the plants were placed in these perforations with a sponge around the stalk to provide support. For the COR treatment fifteen days after transplanting, a 5 cm air space was established (Figure 2 ) by changing the drain pipe for a shorter one and introducing a PVC support to sustain the polystyrene sheet or seed tray over the water, in the case of PAK the space was established seven days before the transplant. At the beginning of the plant culture and in both treatments, 1 mL of stock solution of micronutrients was added to each 10 L of water [18] . Iron, in chelated form, was added during the experiment in order to reach a 3 mg/L concentration. Iron content was measured in the morning every three days, before the feeding of the fish, with HACH iron colorimetric test kits, model IR-18A and IR-18B.When the concentration decreased to 0.3 mg/L, iron was added again in the reservoir system component, after the last fish feeding of the day, in order to reach the 3 mg/L concentration. The iron was added every three days at the beginning of the trial and every six the last two weeks of the trial. At the end of the trial, edible portions of 20 individual COR plants in each replicate were measured and fresh and dry weights determined. For PAK replicates, edible portions of four individual plants from the center of the array were measured. Fresh, dry weight and leaf height were measured. To determine dry weight, plants were dried in an oven at 60 °C for eight hours for the COR treatment and for 72 h for the PAK treatment, until a constant weight had been reached. Yield (kg/m 2 ) was calculated using the average fresh weight obtained per square meter in each treatment, taking into account that only the 84% of the area would be utilized [10] . Approximate pak choy N uptake (in edible portion) was calculated using the N content reported by USDA [19] multiplied by the total yield obtained.
For the fish culture in each replicate, we introduced 12 fish with an average weight of 198.5 ± 0.1 g in treatments COR and PAK and 198.1 ± 0.1 g in the RAS. Fish were fed four times daily, with commercial formulated feed (35% crude protein) at 9:30, 12:00, 14:30, and 16:30. The daily feeding rate was 2.5% of total fish biomass. Every two weeks fish total biomass was weighed in order to adjust the amount of feed to their biomass. At the end of the trial nine fish were weighed from each replicate.
Water Quality and Nutrient Compounds
Daily, alternating between a.m. and p.m., temperature, dissolved oxygen (D.O.), pH, and conductivity were measured in the hydroponic and fish culture tanks with a digital multi-meter YSI 556 MPS (Multiprobe System) from YSI Incorporated, Yellow Springs, Ohio, USA. The a.m. measurement was approximately at 09:00, before the fish were fed, and the p.m. measurement was approximately 15:15, just before the last feeding of the day. In order to analyze the nutrient contents in hydroponic and fish culture tanks, water samples were collected twice a week from each replicate, one day in the morning and one day in the afternoon. A total of ten samplings were performed, five in the a.m. and five in the p.m. In each sampling a total of 17 samples were taken, nine in the aquatic component that correspond to the three replicates of the three treatments and eight in the hydroponic component that correspond to the four replicates in each treatment. The analyzed nutrients in the water were total ammonia nitrogen (TAN), nitrite-nitrogen (NO2 were analyzed and quantified in the Aquaculture Laboratory at CINVESTAV by colorimetry (APHA, 1992) using a Technicon Analyzer II and processed by the New Analyzer Program (NAP) software. The TAN was analyzed in the Marine Chemistry Laboratory at CINVESTAV using the phenol method. Average concentrations of NH3 − from water of the fish culture were calculated using the equation proposed by Emerson et al. [20] .
Statistical Analyses
Fish weight, fish final density and productivity, water quality parameters, and nutrient content in the fish culture tanks were analyzed using one way ANOVA and posteriori Student's t-test in order to compare between treatments. Except for NO2 For the hydroponic culture, on one side of the greenhouse there were two tree trunks that provided some shade in the p.m., hence a random complete block design was applied, with four blocks (B1, B2, B3, and B4). Water parameters and nutrient concentration in the hydroponic tanks between treatments in the same hour were analyzed with a two way ANOVA, except for PO4 
Results

Food Production
Fish survival rate was 100% in treatment PAK and 97.2% ± 4.8% in COR and RAS. The mortality in COR and RAS was a product of aggressive behavior. For the final fish weight, feeding conversion rate (FCR), final fish density, fish biomass productivity, there were no significant differences (p > 0.05) among the treatments (Table 1) . Table 1 . Nile tilapia growth and FCR during the 34 experimental days, the fish were fed four times every day at a 2.5% feeding rate with 35% crude protein commercial formulated fish food. 
Water Parameters
For the fish culture tanks, the D.O. and pH were significantly higher (p < 0.05) in the a.m. than in the p.m. Conductivity was similar in all treatments (p > 0.05); meanwhile, temperature was higher (p < 0.05) in the p.m. than in the a.m. for COR and RAS treatments but not for PAK (Table 3) . Table 3 . Average values of physicochemical parameters in fish tanks during the experiment. In the hydroponic component for both treatments almost all the variables were higher in the p.m. than in the a.m. (p < 0.05) except for D.O., which was lower in afternoon than in the a.m. (p < 0.05). There were differences between treatments (p < 0.05) for conductivity and pH. In the a.m. and in the p.m. the pH was higher in PAK treatment than in COR and the conductivity was higher in COR than in PAK (Table 4) . ) denote statistically significant differences between hours (p < 0.05).
Water Treatment
In the fish culture in a.m. there were no differences (p > 0.05) in TAN concentrations. The Table 5 ). In the p.m. there were no differences (p > 0.05) among treatments in NO2 − -N and TAN concentrations, there were differences (p < 0.05) among all the treatments in PO4 3− concentrations, and there were differences between NO3 − -N concentrations in treatments PAK and RAS, but there were no differences between COR and PAK and COR and RAS ( Figure 5 , Table 5 ).
The comparison between hours in the same treatment showed no differences (p > 0.05) for TAN concentrations in all treatments. For NO2 − -N concentrations, only in the case of treatment RAS there were differences (p < 0.05). For NO3 − -N, there were differences (p < 0.05) in COR and PAK treatments, but not in RAS. In the case of PO4 3− , only RAS treatment had differences between hours (p < 0.05). Table 5 . Average values of nutrient concentration in the fish culture during the experiment in the a.m. and the p.m. times. In the fish culture the calculated NH3 − only had differences (p < 0.05) between PAK and RAS treatments in the a.m. where the concentration was lower in RAS than in PAK. The comparison between hours only had differences for treatment RAS (Table 6 ) where the p.m. concentration was higher than the a.m. concentration. ) denote statistically significant differences between hours (p < 0.05).
In the hydroponic culture in the a.m. there were differences (p < 0.05) for TAN, NO2 ) denote statistically significant differences between hours (p < 0.05).
Discussion
Fish and Plant Production
El-Shafai et al. [21] and El-Sherif and El-Feky [21] had shown that chronic exposure to concentration levels higher than 0.1 mg/L of NH3 − can significantly inhibit growth in tilapia fingerlings, and that growth performance decreases and FCR increases as the concentration of NH3 − increases. The concentrations of NH3 − found in the experiment are lower than the concentration that cause significant effects in tilapia growth [21, 22] . Thus, even when there were differences in NH3 − concentrations between RAS treatment and COR and PAK treatments in the a.m., there were no differences in final fish weight among treatments. In the case of RAS treatment, the lower pH than for COR and PAK contributed to a low level of NH3 − since the percent of this compound depends of pH and temperature [20] .
The NO2 − -N concentrations that are reported to cause methemoglobin increases in tilapia are in the range of 0.50 and 1.38 mg/L [23] . These are higher values than those reported in the present work. The FCR obtained in all treatments was higher than the 1.4 value reported for Al-Hafed et al. [9] and for the 1.37 value obtained for Espinoza Moya et al. [24] for tilapia of similar weight in an aquaponic system, but similar to the values reported for Rakocy et al. [7] for tilapia in aquaponic systems.
In PAK treatment, the plants reached commercial height size in accord with the 20-50 cm reported for Hu [25] and Ronzio [26] . The plant weight was lower than the commercial size of 0.225-0.260 kg reported by Hu [25] , however, the yield is within the range of 0.5-7 kg/m 2 reported for FAO [27] for soil culture.
In aquaponics, Kotzen and Appelbaum [28] report poor coriander growth in an aquaponic system using fresh and brackish water in a floating bed technique system. However, in our case, in the COR treatment the cause of the poor plant growth was the disease which can be associated with a fungal infection by fungi of the genus Rhizoctonia or Pythium, as indicated by symptoms of poor growth, yellow leaves, and dark marks in the root [29, 30] .
The use of the DRF technique has been reported before for pak choy [12, 15] in hydroponic systems and for lettuce [14] in aquaponic systems. To our knowledge there are no reports of coriander culture using the DRF technique, neither in aquaponics nor in hydroponics.
The low weight in the pak choy may be related to several factors, including the technique utilized in order to establish the DRF technique, the NO3 − -N, and iron concentration in the culture water, or the pak choy growth period. In the case of the NO3 − -N, the concentration of both treatments was within the previously reported range of 5 to 32 mg/L in aquaponic systems [9, 24, [31] [32] [33] and the plants did not present visual nitrogen deficiencies symptoms. However the concentration was lower than the minimum reported by several authors [10, 18] for hydroponic production and could be the cause of the pak choy low weight. The low concentration in aquaponic systems could be due to the constant production and removal of NO3 − -N in these systems, as Endut et al. [31] had demonstrated. In the case of the iron levels, the constant addition in order to reach the 3 mg/L concentration was due to the high alkalinity water in the experimental facilities [34] , that produces iron precipitation. Even when the pak choy shows no visual symptoms of iron deficiency this iron precipitation could have influenced the pak choy growth. A solution to this problem has been proposed by Roosta et al. [35, 36] who utilized a foliar iron application for pepper and eggplant in aquaponic systems.
In each replicate in the first week there was no direct aeration in the hydroponic cultures due to considerations of simplifying the system and minimizing investment cost of the installation of air diffusers. Even when during this first week the D.O. values were above 5 mg/L the plant growth in both aquaponic treatments was poor. Kao [12] and Remy et al. [15] have reported that they established the air space gradually using a special water level adjuster located outside of the plant culture bed allowing the contact of the root with the air at the beginning of the culture. Since the water leveler was inside the plant culture bed, and establishing the air space gradually would have represented a lot of root plant handling, we established the 5 cm air space at one time (when the roots reached at least that length). Another factor that may have contributed to the low harvest weight obtained was that the pak choy growth period was 34 days, which is seven days shorter than that used in other experiments [27,37-39].
Water Quality Parameters
Water quality parameters were within the ranges for healthy growth of tilapia [40] . In all treatments the pH level of the aquaponic solution was above the range reported as the one that most plants prefer (6.0-7.0) for optimum nutrient uptake. A pH value of 8.5 can limit nutrient availability (N, Bo, Fe, Mn, Cu, and Zn) but does not inhibit it [10] . Pak choy showed no visual deficiency symptoms during the experiment, coriander showed yellowing of leaves, but this was associated with the root disease [28, 30] and not with a direct nutrient deficiency.
Water Treatment and Nutrient Uptake
Fish Culture For the fish culture, the PAK treatment was the one which had the better nutrient uptake performance, the NO3 − -N which are the toxic metabolites for the fish showed differences among treatments in the a.m. In the case of NO2 − -N the concentration was lower (p < 0.05) in RAS followed by COR and PAK, respectively. In the case of NH3 − the concentration was lower (p < 0.05) in COR and RAS than in PAK which were similar. In this case this may be interpreted as if the RAS treatment is the best option as a healthier alternative for the fish, however as we pointed previously the levels of NH3 − and NO2 − -N in all treatments are lower than those causing effects in tilapia. Even when there was not a specific bacterial biofilter in the systems, the walls can work as fixed medium for bacteria [41] , and that could explain the similar NH3 -N concentration may be a consequence of the combination of the increase in fish metabolism as a consequence of feeding and the temperature increase in the p.m., which is beneficial for the nitrification process [42] . In the case of PAK and COR, the similar NO2 − -N concentration between the a.m. and p.m., even with the increase of fish metabolism and temperature, may be due to the NH4 + utilization by plants [10, 15] which reduce the quantity of nitrification.
In COR and RAS treatments there were higher values of NO3 − -N in the a.m. than in the p.m., which in the case of COR may be attributed to the plant uptake of this nutrient. In the RAS treatment the higher values of NO3 − -N, and also of PO4 3− , in the a.m. than in the p.m. suggests the utilization and/or transformation of these compounds, but with the parameters and nutrients that we measured it is not possible to determine where these compounds were utilized. It has to be noticed that except for R1 (which did not receive the solar radiation directly, because it had the tank E over it) all the components of the three treatment systems were covered from solar radiation in order to prevent algae development and because of that we expected that there was minimal algae in the system.
For the hydroponic culture in PAK and in COR the higher concentration of PO4 
Conclusions
The results show that from the two aquaponic treatments tested, the Nile tilapia-pak choy treatment has better performance in biomass production and in water treatment than the Nile tilapia-coriander. In the fish tanks, the lower levels of NO3 − -N and PO4 3− in the PAK and COR treatments, than in RAS, show the higher utilization and, thus, removal, of the nitrogen and phosphorus in the DRF aquaponic system than in the fish recirculation system. According to yield results, the production of pak choy in an aquaponic system using the DRF technique could be seen as viable; however, the individual weight obtained was lower than the commercial weight reported and, thus, further investigation is needed in order to increase the pak choy weight. The use of this technique could allow the reduction of investment costs in an aquaponic system.
